This Report characterizes the defect reaction network in silicon doped, n-type GaAs deduced from first principles density functional theory. The reaction network is deduced by following exothermic defect reactions starting with the initially mobile interstitial defects reacting with common displacement damage defects in Si-doped GaAs until culminating in immobile reaction products. The defect reactions and reaction energies are tabulated, along with the properties of all the silicon-related defects in the reaction network. This Report serves to extend the results for intrinsic defects in: P.A. Schultz and O.A. von Lilienfeld, "Simple intrinsic defects in GaAs", Modelling Simul. Mater. Sci Eng., Vol. 17, 084007 (2009) 
TABLES

INTRODUCTION
The defect reaction network, the chain of reactions driven by species mobilized in primary displacement damage, is predicted and numerically characterized using first-principles density functional theory for irradiated silicon-doped, n-type gallium arsenide, GaAs. The reaction network is deduced from first principles: identifying the initial species mobilized during displacement damage, the arsenic and gallium interstitials, systematically investigating their reactions with dopants and immobile primary displacement damage defects and inserting into the network those reactions that are exothermic, and following this chain of reactions and potentially new mobile reaction products until culminating in immobile defects. The numerical predictions associated with this first-principles reaction network are presented in a series of numerical Tables containing parameters to [2] . Assessment of defect reaction network energies involving only intrinsic defects use values presented in these earlier works. The likely chain of defect reactions in carbon doped (p-type) and silicon doped (n-type) GaAs-the defect reaction networks-was presented previously [3] , but properties of the defects in that network were not presented. This Report can be interpreted as a (partial, silicon-focused) numerical supplement to that work and as a numerical supplement to a paper yet to be published.
This Report focuses on first order reactions. Second order or greater (interstitial-interstitial, or interstitial-product) reactions are much less populous and unlikely to significantly affect electrical response of the bulk material, these reactions are therefore (mostly) neglected. Similarly, because n-type silicon doping will preferentially populate defects in their most negative charge states, emphasis is on careful characterization of defect evolution consistent with a Fermi level near the conduction band edge (although all accessible charge states for each defect in the network are examined).
Computational methods
The details of the computational methods are the same as comprehensively described previously [1, 2, 3] , and will only be summarized here.
The DFT calculations are performed with the SEQQUEST code [4] , using both the local density approximation (LDA) [5] and the Perdew-Burke-Ernzerhof (PBE) flavor of the generalized gradient approximation [6] . The comparison of LDA and PBE results is a partial assessment of the physical uncertainties within DFT functionals [7] . The pseudopotentials (PP) for Ga and As are the same used for intrinsic defects calculations [1, 2] and comprehensively verified [8] .
Calculations for the silicon-containing GaAs defects are done with 3d-core pseudopotentials (total valence charge Z=3) for the Ga atom, and not repeated with 3d-valence (Z=13) PP. We had determined that the PP construction had only modest effect on computed defect properties, the physical uncertainties in the DFT results dominated by the difference between the physical approximations of LDA and PBE [1] . If deemed necessary, the current calculations could be straightforwardly repeated using the more rigorous 3d-core PP for Ga. The silicon PP in this work are the same used and extensively validated in previous work for defects in bulk silicon [10] : generalized norm-conserving Hamann potentials [9] , with a double-zeta plus polarization contracted-Gaussian basis set, as taken from the SEQQUEST library of optimized, transferable atomic potentials.
Defect formation energies are quoted in the arsenic-rich limit. The chemical potential of the As is set to the computed energy of the As in the elemental bulk A7 structure, that of Ga to be that required to make the formation energy of perfect GaAs equal to zero. The chemical potential of a silicon atom is arbitrary, all reactions considered in this Report are silicon number conserving. Here, it is set to the energy of one atom in the crystalline diamond structure.
The calculations of charged defects use the Finite Defect Supercell Model (FDSM) [10] to incorporate rigorous boundary conditions for the solution of the electrostatic potential in a charged supercell [11, 12] and extrapolate the computed defect energies to the infinitely dilute limit. Results for silicon related defects are presented for 216-site cubic supercells extrapolated to infinitely dilute limits, with selected 64-site and 512-site cubic supercells to verify these results are converged, as demonstrated in PAS09. The simulation contexts presented here correspond to the "LDA" and "PBE" simulation contexts defined in the numerical supplement for intrinsic defects [2] .
One difference in the current calculations from the previous Reports [1] [2] [3] in these simulation contexts must be noted. The real space grids used in the original simulation contexts for calculations of intrinsic defects [1] proved inadequate to fully converge calculations with supercells containing carbon atoms. Rather than 108 3 grids used previously for the 216-site supercell calculations in the LDA and PBE simulation contexts, new carbon defects calculations required 144 3 grids (the same grids that had been found necessary for the LDA3d and PBE3d contexts). For consistency in developing the two reaction networks, the silicon defect calculations were also upgraded to the denser grid. Computed bulk properties and neutral defect formation energies are unaffected, to within 0.01 eV, with the finer grid. Mapping of computed ionization potentials to the valence band edge shifts (presented in Table 2 of PAS12) from 5.40 to 5.424 eV in the LDA context, and 5.15 to 5.172 eV in PBE, with the finer grid. With this adjustment, computed defect levels and formation energies of charged defects are also unaffected with the finer grid, to within 0.01 eV, the precision quoted in these reports.
Verification and validation
The silicon-related defect level calculations all use SEQQUEST and the FDSM, the same methods used in DFT calculations of defects in silicon, which yielded mean absolute errors of 0.1 eV and maximum absolute error of 0.2 eV for defect levels over a wide sampling of different defects in bulk silicon [10] . This is the expected accuracy (uncertainties) of the methods for defect level calculations in GaAs, and is the limit (best possible) of the physical accuracy of the DFT approximations used in this analysis.
Using the same methods and models, the verification and validation of the PP and extrapolation model inherit directly from earlier results for intrinsic defects in GaAs [1, 2] . Validation of the overall computational method for GaAs defects is also done previously, indicating accuracy of 0.1 to 0.2 eV for defect level calculations in GaAs [1, 2] , and is not repeated here.
RESULTS
The section contains the Tables that summarize the numerical results for DFT simulations of silicon-related defects and the radiation-induced defect reaction network in GaAs.
The process by which the reaction network is deduced is iterative. It starts with the defects species generated by displacement damage (vacancies and interstitials). Using DFT calculations, we had identified that the self-interstitials and, particularly, the arsenic interstitial are mobile. Their reactions with all common immobile defects are investigated, and exothermic defect reactions are added to the reaction network. The "common" immobile defects are the vacancies and divacancy, being primary displacement damage defects, and the silicon dopant (substitutional) atoms. Reactions between mobile species, i.e., second order reactions, are neglected. One of the reaction products in the reaction network is the silicon interstitial Si i , and the current results indicate Si i might also be a mobile specie. Hence, its reactions with immobile defects are investigated, and the exothermic reaction products are added to the defect reaction network. No other reaction products are found that are likely to be mobile.
Defect atomic structures
The following Tables summarize the ground state structures for the silicon-containing defects within the defect reaction network. The intrinsic defect structures have been presented previously [1, 2] and the same nomenclature is used to describe silicon defect structures as used in the intrinsic defects and illustrated in PAS09. 
Defect charge transition energy levels
This section presents the defect charge transition levels of the silicon reaction network defects in GaAs, in eV, along with neutral formation energies. The defect level calculations are the fundamental result of this Report, the later formation energies and reaction energies are all derived from these results. The defect levels are thermodynamic values, differences in energies between global ground state structures of two charge states, without regard for whether a kinetic barriers might impede a structural rearrangement between the two atomic configurations. The computed levels in the LDA and PBE contexts are very similar, all within 0.2 eV of one another, and mostly within 0.1 eV. This similarity is despite differences in defect formation energies that are typically 0.2 eV or more, and is, first, evidence that electronic transition levels are benefitting from a cancellation of errors and, second, consistent with and evidence for a physical uncertainty in defect levels of 0.1-0.2 eV.
The levels listed in these tables only quote those charge states that are thermodynamically accessible. For example, clean defect states for the (AsSi) Ga can be found for [1-] and [2-] charge states and a DX (offset-Si) configuration for Si Ga , is a clean defect state as a [1-] , but none of these is thermodynamically stable, all will spontaneously emit electrons to form the neutral defects. Alternatively stated, the electronic levels are above the CB edge, as a consequence of the structural rearrangements that occur.
Defect formation energies
The ground state defect formation energies, as a function of charge state are trivially obtained by simple arithmetic from the neutral formation energies and the computed defect charge transition energy levels in the previous section. As for all the results presented in this Report, the defect formation energies in these Tables are presented in the arsenic-rich limit. The formation energies of the charged defects are presented with the Fermi level at the VBE. The Tables present the formation energies of the silicon reaction network defects, segregated by simulation context. Only thermodynamically accessible charge states are listed. 
Silicon interstitial and migration
In the evolution of the defect reaction network, as the mobile As and Ga interstitials react with the immobile fixed defects, the silicon interstitial is the only defect that shows the prospect to be also mobile, and therefore must be considered in extending the defect reaction network.
Silicon interstitial structural energies
The following Table presents the relative energies of different structures of the silicon interstitial relative to the ground state structure for that charge state. This is not a comprehensive listing of possible structures considered, but does survey all the potentially important structures for Si i . 
The LDA and PBE structural landscapes for the silicon interstitial are similar, particularly for the negative charge states that will be prevalent in the n-type Si-doped GaAs. The PBE results tend to have more states that rise into the conduction band rather rather than be defect states, but the ground state structures are mostly unaffected. The silicon strongly favors in-network sites when negatively charged, and the non-bonding interstitial sites when positively charged.
Silicon interstitial diffusion
There will be little or no thermal diffusion of Si in negative charge states that the Si will normally populate in n-type doping. The Si favors in-network bonds strongly in n-type, and prefers the split-As site over the split-Ga site. Diffusion must go by hopping from site to site, innetwork. The Ga-site Si-interstitial sites along any viable diffusion pathway are ~1 eV higher than the As-site split-interstitial ground state configurations, precluding diffusion at any reasonable operating temperature. Computation of continuous pathways and explicit barriers for the diffusion of the negative interstitial is impractical using a local functional, because of extensive regions where the defect state crosses into the conduction band, but also is unnecessary given the strong preference for the As site and lack of low-energy intermediate sites.
Unlike for the arsenic interstitial [1] , there is not an identified path that enables athermal migration [13] of the silicon interstitial via a Bourgoin-Corbett mechanism [14] , in either the LDA or PBE context simulations. There is the possibility for strongly recombination(current)-enhanced diffusion among the positive charge states up to the neutral, and perhaps there is a mechanism for net athermal migration in the positively charged silicon interstitial, but these charge states will be very infrequently populated in the n-type material created by the Si-doping, and diffusion by this mechanism is unlikely to contribute to defect evolution in radiation damaged GaAs.
Although there is no obvious mechanism for athermal diffusion, there is, nonetheless, the prospect for recombination-enhanced diffusion. Upon capture of two minority carriers (holes) to become a neutral Si i [0], there is much greater potential for thermal migration. The relatively flat landscape with multiple low-energy structure (within ~0.5 eV) of the ground state-in-network sites on both the As and Ga sites and competitive off-network interstitial sites-suggests that diffusion might be relatively facile, particularly after capture of two carriers, each depositing some energy in vibrational modes. Whatever mobility exhibited by the Si interstitial is likely to occur through this recombination-enhanced mechanism.
Defect network reaction energies
Using the defect formation energies tabulated above for the silicon-related defects, and the defect formation energies previously tabulated for intrinsic defects [2] , it is straightforward to compute the defect reaction energies of possible reactions in the defect reaction network for Si-doped GaAs. All reactions of the three potentially mobile species, the arsenic and gallium selfinterstitials and the silicon interstitials, with the common immobile defects, the vacancies and dopants are considered. The reaction energies among intrinsic defects are summarized in a companion report on the carbon reaction network [15] . The results for charge conserving reaction for the remaining silicon-containing reactions are presented in the following Table. Note that the direction of the charge-conserving reactions does not necessarily align with the thermodynamic reaction. In particular, while the Ga i +Si Ga ->Si i is uphill in charge-conserving form, it is downhill thermodynamically for a Fermi level at the CB edge (i.e., allowing for the capture of carriers appropriate to that Fermi level). Additionally, a number of the reaction energies are small enough to be possibly reversible, and including this reversibility might be desired in device simulations.
